In the seminiferous tubules of mouse testes, a population of glial cell line-derived neurotrophic factor family receptor alpha 1 (GFRa1)-positive spermatogonia harbors the stem cell functionality and supports continual spermatogenesis, likely independent of asymmetric division or definitive niche control. Here, we show that activation of Wnt/b-catenin signaling promotes spermatogonial differentiation and reduces the GFRa1 + cell pool. We further discovered that SHISA6 is a cell-autonomous Wnt inhibitor that is expressed in a restricted subset of GFRa1 + cells and confers resistance to the Wnt/b-catenin signaling. Shisa6 + cells appear to show stem cell-related characteristics, conjectured from the morphology and long-term fates of T (Brachyury) + cells that are found largely overlapped with Shisa6 + cells. This study proposes a generic mechanism of stem cell regulation in a facultative (or open) niche environment, with which different levels of a cell-autonomous inhibitor (SHISA6, in this case) generates heterogeneous resistance to widely distributed differentiation-promoting extracellular signaling, such as WNTs.
INTRODUCTION
Stem cells support tissue homeostasis through continual production of differentiating progeny based on the maintenance of an undifferentiated cell pool. This is traditionally thought to depend on a couple of paradigmatic mechanisms: asymmetric cell division, which always gives rise to one self-renewing cell and one differentiating cell; and the control by an anatomically defined niche, inside which stem cells remain undifferentiated, but differentiate when they move out (Fuller and Spradling, 2007; Morrison and Spradling, 2008) . These mechanisms coexist in some tissues, such as the Drosophila female and male germlines (Spradling et al., 2011) , while niche regulation may not accompany asymmetric cell division, as observed in the mouse intestinal crypt (Snippert et al., 2010) .
Mouse spermatogenesis represents actively cycling stem cell-supported tissue, which occurs in the testicular seminiferous tubules ( Figure 1A ). Here, all spermatogonia (mitotic germ cells) are located in the basal compartment, i.e., the gap between the basement membrane and the tight junction among Sertoli cells (Russell et al., 1990) . Germ cells then translocate to the adluminal compartment, undergo meiotic divisions, and differentiate into haploid spermatids. Spermatogonia are largely divided into ''undifferentiated'' and ''differentiating'' spermatogonia ( Figure 1B ) (de Rooij and Russell, 2000; Yoshida, 2012) . In the steady state, the stem cell function resides in the glial cell-derived neurotrophic factor (GDNF) family receptor alpha 1 (GFRa1)-positive (+) subset of undifferentiated spermatogonia. GFRa1 + cells maintain their population and differentiate neurogenin 3 (NGN3) + subset of undifferentiated spermatogonia (Hara et al., 2014; Nakagawa et al., 2010) . NGN3 + cells express retinoic acid (RA) receptor gamma (RARg) and, in response to the RA pulse which occurs once every 8.6-day cycle of seminiferous epithelium, differentiate into differentiating spermatogonia (KIT + ) that experience a series of mitotic divisions before meiosis (Gely-Pernot et al., 2012; Hogarth et al., 2015; Ikami et al., 2015; Sugimoto et al., 2012) . NGN3 + cells, however, remain capable of reverting to GFRa1 + cells and self-renewing, which becomes prominent in regeneration after damage or transplantation (Nakagawa et al., 2007 . The GFRa1 + population is comprised of singly isolated cells (called A s ) and syncytia of two or more cells (A pr or A al , respectively); It is under current discussion whether the steady-state stem cell function is restricted to its subsets (e.g., fractions of A s cells), or extended over the entirety of GFRa1 + cells (Yoshida, 2017) .
Interestingly, this stem cell system appears not to rely on asymmetric division or definitive niche regulation. The fate of pulse-labeled GFRa1 + cells shows dynamics of ''population asymmetry,'' in which individual cells follow variable and stochastic fates rather than the stereotypic pattern of ''division asymmetry'' (Hara et al., 2014; Klein et al., 2010; Klein and Simons, 2011) . Definitive niche control is also unlikely, because GFRa1 + cells are not clustered to particular regions, but scattered between NGN3 + and KIT + cells ( Figure 1C ) (Grasso et al., 2012; Ikami et al., 2015) , with some biases to the vasculature and interstitium (Chiarini-Garcia et al., 2001 Hara et al., 2014) . Furthermore, GFRa1 + cells have been filmed intravitally to continually migrate between immotile Sertoli cells (Hara et al., 2014; Yoshida et al., 2007) . Such a non-canonical stem cell environment is known as a ''facultative (open) niche,'' contrary to the classical ''definitive (closed) niche'' (Morrison and Spradling, 2008; Stine and Matunis, 2013) .
It is an open question as to how the heterogeneous stem cell fates (to differentiate and to remain undifferentiated) cohabit in facultative niche environments. To regulate the GFRa1 + cell pool, GDNF plays a key role.
GDNF is expressed in Sertoli and myoid cells, and acts on GFRa1 + cells through the receptor composed of GFRa1
and RET (Airaksinen and Saarma, 2002) . GDNF inhibits , and KIT + fractions and whole testes, summarized from the microarray data. Represented as means ± SEM (n = 3 microarrays, each form different mice). (F) Expression of Ngn3 mRNA in GS cells in the presence or absence of GDNF, WNT3a, or WNT5a. GS cells cultured on laminin-coated plates for 24 hr were switched to the indicated conditions and cultured for an additional 24 hr, followed by quantitative real-time PCR analysis of Ngn3 mRNA. Represented as means ± SEM (n = 3 independent experiments). *p < 0.05, ***p < 0.001 (Student's t test). See also Figure S1 . the differentiation of GFRa1 + spermatogonia cultured in vitro (Kanatsu-Shinohara et al., 2003; Kubota et al., 2004) . Consistently, impaired GDNF signaling in vivo caused by loss-of-function mutations in Gdnf, Gfra1, and Ret reduces the GFRa1 + cell pool through enhanced differentiation (Jijiwa et al., 2008; Meng et al., 2000; Sada et al., 2012) . Fibroblast growth factor (FGF) signaling also inhibits the differentiation of GFRa1 + cells in vitro, supported by relatively limited in vivo evidence (Hasegawa and Saga, 2014; Kubota et al., 2004) . However, mechanisms that promote the differentiation of GFRa1 + cells and that underline their heterogeneous fates remain largely unknown. Wnt signaling has pleiotropic functions including stem cell regulation. In many cases, the ''canonical'' Wnt pathway, mediated by b-catenin, acts to maintain the stem cell pool by inhibiting their differentiation (Clevers and Nusse, 2012) . In mouse spermatogenesis, however, studies using cultured spermatogonia suggest that Wnt/b-catenin signaling (activated by WNT3a) stimulates the proliferation of differentiating progenitors (Yeh et al., 2011 (Yeh et al., , 2012 . Similarly, in vivo, Wnt/b-catenin signal is implicated for the generation and/or proliferation of differentiating progenitors, because b-catenin deletion reduced the total number of undifferentiated spermatogonia (PLZF + ), while the GFRa1 + pool was unaffected (Takase and Nusse, 2016) . Nevertheless, the precise roles of Wnt/b-catenin signaling in the GFRa1 + pool remain elusive, due to the lack of markers and the nature of the genetic tools.
In this study, by searching for differentiation-promoting factor(s), we found that Wnt/b-catenin signaling drove the Figure 1D ). GFRa1 + and NGN3 + fractions were collected from adult Gfra1 EGFP/+ (Enomoto et al., 2000) and Ngn3/EGFP Tg/+ mice (Yoshida et al., 2004) , respectively, by fluorescence-activated cell sorting ( Figure S1A ). Subsequent cDNA microarray analysis revealed the signaling pathways that potentially act in these cells ( Figure S1B ). In particular, the Wnt/b-catenin signaling components, including receptors/co-receptors, signal transducers/modulators, and transcription factors were found to be expressed
GFRa1
+ and NGN3 + cells ( Figures 1E and S1C ). Lef1, a transcription factor gene, is also a downstream target of this pathway (Hovanes et al., 2001) . These data indicate that both GFRa1 + and NGN3 + cells receive Wnt/b-catenin signals, consistent with a previous study using Axin2 reporters (Takase and Nusse, 2016) . The higher level of Lef1 expression suggests that NGN3 + cells may receive a stronger signal than GFRa1 + cells.
Next, we tested the effect of Wnt/b-catenin signaling in vitro using germline stem (GS) cells: GDNF-dependent cultures of spermatogonia retaining GFRa1 expression and stem cell activity (Kanatsu-Shinohara et al., 2003) . We found that the addition of WNT3a (an activator of the b-catenin pathway), but not WNT5a (an activator of b-catenin-independent pathway), increased the Ngn3 mRNA in the presence or absence of GDNF ( Figure 1F ).
Elevated Wnt/b-Catenin Signaling Reduces the GFRa1 + Cell Pool In Vivo
We then asked what the in vivo role of Wnt/b-catenin signaling is, using b-catenin mutants. To strengthen the signal by stabilizing b-catenin protein, we used the Ctnnb1 fl(ex3) allele, which enables the conditional deletion of exon 3 encoding critical GSK3b phosphorylation sites ( Figure 2A ) (Harada et al., 1999) . To reduce the signal, a conditionally null, Ctnnb1 fl , allele was used ( Figure S3A ) (Brault et al., 2001 ). These mutations were specifically and efficiently induced into germ cells using the Nanos3
Cre allele (Figures S2A and S2B) . Since the following analyses were performed in the Nanos3 Cre/+ background, the genotypes will be simply indicated by the b-catenin alleles. Although the impact of the stabilized b-catenin was not apparent in the heterozygotes [fl(ex3)/+], it was obvious in the homozygotes [fl(ex3)/fl(ex3)]. At 8-14 weeks of age, fl(ex3)/fl(ex3) mice showed smaller testes, with body weight unchanged ( Figures 2B-2F ). Their testes showed spermatogenesis defects (e.g., loss or exiguousness of one or more germ cell layers) in about 20% of the tubule sections ( Figures 2G-2J) S3O ). This was largely in agreement with the previous study (Takase and Nusse, 2016) .
Seminiferous Epithelial Cycle-Related Wnt6
Expression By screening the expression of all mouse Wnt genes by in situ hybridization (ISH), we found prominent expression of Wnt6 in Sertoli and interstitial cells ( Figures 3A-3C ), in agreement with a previous report (Takase and Nusse, 2016) . Further, Wnt6 expression showed a seminiferous epithelial cycle-related expression, highest in stages I to VI ( Figure 3G ). Of note, the increase in Wnt6 expression coincides with the decrease in Gdnf (visualized by a GdnfLacZ knockin allele; Figures 3D-3G) (Moore et al., 1996) , the increase in NGN3 + cells, and the weak decrease in GFRa1 + cells ( Figure 3H ). These observations largely supported the notion that the increase in Wnt6 and the decrease in GDNF drive the GFRa1 + cells to differentiate to NGN3 + .
However, the spatially uniform expression of these factors over a tubule cross-section raises a question: why do some GFRa1 + cells differentiate into NGN3 + cells, while the others remain GFRa1 + in an apparently uniform Figure 4C ). Unfortunately, the staining condition required for SHISA6 IF was not optimal for GFRa1, so only a fraction of GFRa1 + cells were detected in the double IF.
We, therefore, combined fluorescence ISH for Shisa6 with IF for GFRa1 on dispersed testicular cells, and found that a high level of Shisa6 expression was restricted to $30% of GFRa1 + cells ( Figures 4D and 4E ).
We hypothesized that SHISA6 could be a cell-autonomous Wnt inhibitor, because some Shisa family proteins (e.g., xshisa1, 2, 3, and mShisa2 and 3) inhibit Wnt signaling in a cell-autonomous fashion by suppression the maturation and cell surface expression of Wnt receptors (Chen et al., 2014; Furushima et al., 2007; Nagano et al., 2006; Yamamoto et al., 2005) . However, the molecular functions of SHISA6 are relatively unclear; a recent report showed that SHISA6 stabilized the AMPA receptor expression in the mouse brain, similar to SHISA9 (Klaassen et al., 2016; von Engelhardt et al., 2010) .
Using Xenopus laevis embryos, we found that co-injection of mShisa6 mRNA inhibited the secondary axis formation by xwnt8 ( Figures 5A-5E ), as observed previously for mShisa2 (Yamamoto et al., 2005) . mShisa6 injection alone enlarged the cement gland ( Figures S4A-S4E ), an indication of Wnt inhibition also observed for xshisa1, xshisa2, and mShisa2 (Furushima et al., 2007; Yamamoto et al., 2005) . Further, in HEK293T cells, mShisa6 inhibited the activation of TCF-luc, a Wnt/b-catenin signaling reporter ( Figure 5F ) (Shimizu et al., 2012) . This inhibition was observed when Shisa6 and the reporter were co-transfected, but not when these components were transfected into separate cells and the transfected cells were then mixed ( Figures 5G and 5H) . These results characterize SHISA6 as a cell-autonomous Wnt inhibitor. + and Ngn3 + cells per Sertoli cell at the indicated stages, as obtained from IF-and ISH-stained testis sections, respectively. The latter was reproduced from a previous report (Ikami et al., 2015) . A total of 18-144 tubule sections were counted from 2 to 5 testes, for each cell type.
Although some SHISA proteins inhibit FGF signal (Furushima et al., 2007; Yamamoto et al., 2005) , SHISA6 only weakly suppressed the FGF signal in HEK293T cells (Figure 5I) . GDNF signal was not inhibited ( Figure 5J ). We found that activation of an Ngn3-luc reporter by the Wnt/b-catenin pathway (using WNT3a and R-spondin2) was augmented when cells were co-transfected with Shisa6 small interfering RNA (siRNA) ( Figure 6C ), supporting the idea that SHISA6 lowers differentiation-promotion by WNT. Next, we asked whether the SHISA6 function in vivo, by generating Shisa6-null alleles using the CRISPR/Cas9 system ( Figures 6D, 6E , and S5A-S5D) (Cong et al., 2013) Figure 4A ), we focused on T (Brachyury). Because, an engineered T allele (T nEGFP-CreERT2 ) was available in which nuclear (n)-GFP and CreERT2 (a tamoxifen-inducible Cre) were flanked to the endogenous Brachyury via 2A peptides, and these proteins were simultaneously generated from a single polycistronic mRNA transcribed from the T locus ( Figure 7A ) (Imuta et al., 2013) . This enabled reliable visualization and tracing of the T + cells, using GFP and CreERT2, respectively. In the T nEGFP-CreERT2/+ mouse testes, Shisa6 expression was specifically detected in a majority ($70%) of T-GFP + cells, which comprised of $40% of GFRa1 + (F) Effects of SHISA6 on TCF-luc activity stimulated by WNT3a. HEK293T cells were transfected with the TCF-luc reporter and the Shisa6-expression or the empty vector. Twenty-four hours later, cells were stimulated with WNT3a for another 24 hr before analysis (n = 3 independent experiments).
(G-J) Cell-autonomous and non-cell-autonomous effects of SHISA6 on WNT3a, FGF2, and GDNF signaling. HEK293T cells were transfected with a luciferase reporter plasmid (TCF-luc or SRE-luc) and pcDNA3-Shisa6 either simultaneously (co-transfection) or separately. Transfected cells were then mixed as schematically shown in (G), followed by stimulation with WNT3a (H), FGF2 (I), or GDNF (J) for 24 hr (n = 3 independent experiments). Luciferase assays were then performed. In (J), expression plasmids for GFRa1 and RET were also co-transfected with SRE-Luc reporter to reconstruct a receptor for GDNF.
Represented as means ± SEM. **p < 0.01 (Student's t tests). See also Figure S4 .
the seminiferous epithelial cycle ( Figure 7H ). The function of T + cells in steady-state spermatogenesis was also examined following pulse-labeling by tamoxifen-activation of CreERT2 ( Figures 7I-7L ). Two days after pulse, a fraction of T-GFP + cells was successfully labeled by a lineage reporter: R26RH2B-mCherry ( Figure 7J ) (Abe et al., 2011) . At 1 month, and also at 6 months, the induced cells (labeled with GFP, in this case) formed large patches occupying seminiferous tubule segments, indicating that at least a part of T + cells contributed to long-term spermatogenesis ( Figures 7K and 7L ). These characteristics of T + (and probably SHISA6 + ) cells were relevant to stem cell functions.
DISCUSSION
In this study, we demonstrated that Wnt/b-catenin signaling drove the differentiation of GFRa1 + spermatogonia to NGN3 + . This study reinforced and complemented the previous reports that combined in vitro culture with transplantation-based stem cell assays (Yeh et al., 2011 (Yeh et al., , 2012 and that analyzed the in vivo impact of b-catenin deletion (Takase and Nusse, 2016) . First, because GFRa1 + and NGN3 + cells both form repopulating colonies in the recipient's testes after transplantation (Grisanti et al., 2009; Nakagawa et al., 2007) , it was difficult to unambiguously link the results of the transplantation assay with the states of differentiation. This present study directly showed that Wnt/b-catenin signaling upregulates the Ngn3 expression in vitro ( Figure 1F ). Second, because b-catenin also contributes to cell adhesion and cytoskeletal regulation (Takeichi, 2014) , the b-catenin deletion study inevitably leaves some ambiguity about the role of Wnt/b-catenin signal. This study showed that stabilization of b-catenin, showing weaker impact on cell adhesion (Harada et al., 1999) , reduced the GFRa1 + pool in vivo ( Figure 2K ). This was in agreement with enhanced differentiation, and largely consistent with the results of b-catenin deletion (Figures  S3B-S3M ; Takase and Nusse, 2016) . Wnt/b-catenin signaling inhibits stem cell differentiation In many cases, e.g., interfollicular epidermis, small intestinal crypts, and embryonic stem cells (Kim et al., 2005; Lim et al., 2013; Sato et al., 2004) . Mouse spermatogenesis illustrates the less-investigated, differentiation-promotion by WNT, as observed in the melanocyte stem cells during hair follicle regeneration (Rabbani et al., 2011) . Takase and Nusse (2016) concluded that Wnt/b-catenin signaling stimulates the proliferation of PLZF + undifferentiated spermatogonia.
We, therefore, examined the proliferation status of GFRa1 + cells in the Ctnnb1 mutants, and found no significant differences, or consistent trends, compared with those in the Ctnnb1 +/+ mice ( Figure S7A ). Therefore, Wnt/b-catenin signaling may stimulate the proliferation of NGN3 + (i.e., PLZF + /GFRa1 -) cells, in addition to the GFRa1 + -to-NGN3
We characterized SHISA6 as a Wnt inhibitor that acts in a cell-autonomous manner, which also inhibits FGF signaling to a weaker extent ( Figures 5A-5J and S4A-S4E) . Interestingly, SHISA6 has been recently reported to desensitize AMPA receptor in the CNS (Klaassen et al., 2016) . SHISA6 is, therefore, a context-dependent dual functional protein. In the testes, Shisa6 expression was restricted to a small subset of GFRa1 + spermatogonia. We generated null alleles of Shisa6 and found that a decrease in SHISA6 acted cooperatively with the stabilization of b-catenin in the reduction of the GFRa1 + cell pool. Collectively, these observations strongly suggest that SHISA6 plays a role in the maintenance of the GFRa1 + pool by reducing the Wnt/ b-catenin signaling strength in the SHISA6 + cells. SHISA6 + populations, summarized from (C), (E) and Figure 4E . Areas of each circle are proportional to the numbers of these populations, indicating their nested relationship.
(legend continued on next page) probably achieves this function by affecting the expression of Wnt receptors on the cell surface, conjectured from the function of xshisa1 (Yamamoto et al., 2005) , although other mechanisms are not excluded. It is puzzling to observe in this study that the stabilizing b-catenin mutation, which acts dominantly in many other tissues, affected the GFRa1 + cell pool only when introduced homozygously, and that heterozygous deletion of b-catenin caused affected spermatogenesis. These findings imply that Wnt/b-catenin signal is strongly suppressed in stem spermatogonia. Shisa6 appears to be involved in this suppression; however, a lack of an apparent phenotype in Shisa6 KO/KO mice suggests that multiple mechanisms are involved. Other cell-autonomous Wnt inhibitor(s) could also be involved, such as Shisa2, whose expression was also enriched in the GFRa1 + fraction ( Figure S7B ). We also speculate that the nuclear accumulation of b-catenin could be prevented by sequestration by E-cadherin, as proposed in the colon epithelium, which also requires homozygous introduction of the stabilizing b-catenin mutation to transform (Huels et al., 2015) . In accordance with this, undifferentiated spermatogonia express high levels of E-cadherin Tokuda et al., 2007) , and showed prominent cytoplasmic b-catenin staining in GFRa1 + cells ( Figure S7C ). This study illustrates a unique mode of Wnt inhibitor function. Many Wnt inhibitors are secreted proteins, act in a non-cell-autonomous manner, and tune the spatial pattern of Wnt activity. These include Dickkopf proteins (Dkks), secreted Frizzled-related proteins (Sfrps), and Wnt inhibitory factor 1 (Wif1). Similarly, cell-autonomous Wnt inhibitors identified so far (xshisa1, xshisa2, xshisa3, Apcdd1, Tiki1, and flop1/2) also shape the spatial patterns of Wnt activity (Cruciat and Niehrs, 2013; Miyagi et al., 2015) . In contrast, this study suggests that heterogeneous Shisa6 expression variegates the stem/progenitor spermatogonia in terms of their sensitivity to Wnt/b-catenin signaling in a spatially uniform facultative microenvironment.
Given (Figure 6E) , and persist throughout the cycle of the seminiferous epithelium ( Figure 7G ). Furthermore, pulse-labeled T + cells showed a long-term contribution to spermatogenesis ( Figures 7G-7L ). These features of T + cells are postulated for the stem cells. Echoing with this is the suggestion that T is crucial for the self-renewing potential of cultured spermatogonia (Wu et al., 2011) . We assume that Shisa6 + cells also showed similar stem cell-related characteristics, although we cannot formally exclude the possibility that only the T + /SHISA6 -cells exhibited the long-term stem cell functions. It is not easy, however, to be conclusive with the identity of stem cells (Yoshida, 2017 (Chan et al., 2014) and about one PAX7 + cell in an entire testis cross-section (which usually contains >100 tubules) (Aloisio et al., 2014) ; these genes show very different degrees of enrichment to the GFRa1 + fraction ( Figure S7D ). Furthermore, intravital live-imaging studies demonstrated that GFRa1 + cells continually interconvert between the states of A s , A pr , and A al through incomplete division and intercellular bridge breakdown (Hara et al., 2014) . Combined with clonal fate analysis and mathematical modeling, it is proposed that the entire GFRa1 + population may comprise a single stem cell pool.
This stem cell system, therefore, should be more complex and dynamic than has been considered, where SHISA6 + / T + cells (or states) should play some key roles. A considerable hypothesis is that GFRa1 + cells may interconvert between SHISA6/T-positive and -negative states, which show high and low potentials of self-renewal, respectively.
In conclusion, we propose a generic mechanism underlying the heterogeneous stem cell fates in facultative niche environments: different levels of cell-autonomous inhibitor (SHISA6, in this case) may confer heterogeneous resistance to uniformly distributed differentiation-promoting extracellular signaling (such as WNTs). Here, stem cells with higher levels of inhibitors would remain in the undifferentiated cell pool with higher probabilities, while those with lower inhibitor levels are more inclined to differentiate.
EXPERIMENTAL PROCEDURES

Animals
Ngn3/EGFP (Yoshida et al., 2006) , Gfra1 EGFP (Enomoto et al., 2000) , (Harada et al., 1999) , Ctnnb1 fl (also designated as
) (Brault et al., 2001 ), Nanos3-Cre , Gdnf-LacZ (Moore et al., 1996) , CAG-CAT-EGFP (Kawamoto et al., 2000) , R26R-H2B-mCherry (Abe et al., 2011) , and T nEGFP-CreERT2 (Imuta et al., 2013) mice were described previously. The Shisa6 KO allele was generated as described in the Supplemental Information. All mice were maintained in the C57BL/6 background (Japan CLEA or Charles River Japan). All animal experiments were conducted in accordance with the approval of the Institutional Animal Care and Use Committee of National Institutes of Natural Sciences or as specified.
Cell Culture, Luciferase Assays, and Knockdown Experiments GS cells derived from the C57BL/6 3 ICR intercrossed mice (Araki et al., 2010) were maintained according to Kanatsu-Shinohara et al. (2003) , with modifications as described in the Supplemental Information. Transfection was performed using Lipofectamine 2000 (Thermo Fisher Scientific); luciferase assays were performed using a Dual-Luciferase Assay System (Promega). Expression vector for Shisa6 (pcDNA3-Shisa6) was constructed by inserting the Shisa6 ORF (FANTOM Clone M5C1056A20, Genbank: XM_006533619) into a pcDNA3 vector (Invitrogen). Shisa6 knockdown was carried out by transfecting cells with Silencer Select pre-designed (non-inventoried) siRNA. Detailed procedures and the vectors used were listed in the Supplemental Information.
Cell Sorting and Microarray Analysis
The GFRa1 + fraction was collected from Gfra1 EGFP/+ mice as the respectively, using an EPICS ALTRA instrument (Beckman Coulter), as described previously (Ikami et al., 2015) . The results were partly published previously (Ikami et al., 2015) , with the dataset deposited in the GEO (GEO: GSE75532). Additional information was provided in Figure S1 and the Supplemental Information.
Quantitative Real-Time PCR Analyses
Quantitative real-time PCR was performed with a LightCycler 480 System (Roche), using a THUNDEREBIRD SYBR qPCR Mix (Toyobo), after total RNA was reverse-transcribed using a SuperScript III First-Strand Synthesis SuperMix for quantitative real-time PCR primed with a mixture of oligo(dT) and random hexamers (Invitrogen, Life Technologies). Expression of b-actin was used for normalization. The primers used were listed in the Supplemental Information.
ISH and IF
ISH was performed as described by Yoshida et al. (2001) . Stages of the seminiferous epithelium were determined on adjacent sections, periodic acid-Schiff (PAS) stained using Schiff's reagent (Wako). IF was carried out on cryosectioned 4% paraformaldehyde-fixed, or freshly frozen (for SHISA6), testes. Whole-mount IF for seminiferous tubules was performed as published previously . For combined fluorescent ISH with IF, ISH was first performed on testicular single-cell suspension using an RNAscope Fluorescent Multiplex Kit (Advanced Cell Diagnostics), followed by IF. The detailed procedures, probes, and antibodies used were described in the Supplemental Information. ; CAG-CAT-EGFP mice were injected intraperitoneally with 2.0 mg of 4-hydroxytamoxifen per individual (Sigma), as reported previously (Hara et al., 2014; Nakagawa et al., 2010) . After specific chase periods, the testes were removed and analyzed by IF.
Pulse-Chase Experiments
Xenopus laevis Embryo Experiments
Experiments using Xenopus laevis embryos were performed as described by Morita et al. (2010) . In brief, xwnt8, mShisa6, mShisa2 were subcloned into the pSP64T, pCSf107mT, pCSf107mT vectors, respectively, with which capped mRNAs were synthesized using the mMACHINE SP6 Kit (Ambion). mRNAs were injected into the ventral marginal zone of four-cell-stage embryos, as reported previously (Glinka et al., 1997 
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